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Abstract 

We address the issue of the neutrino masses and mixing in TeV scale B — L 
extension of the Standard Model. We show that if Dirac neutrino masses are of 
order 10~^ Gev, then the measured neutrino masses are correctly obtained. We 
propose a mass relation between quarks and leptons that may account for such 
small Dirac neutrino masses. We analyze the leptogenesis in this type of models 
and provide analytical expressions for the new contributions due to the predicted 
extra Higgs and extra neutral gauge boson. We find that thermal leptogenesis, with 
a resonant enhancement due to nearly degenerate right-handed neutrinos, can yield 
sufficient baryon asymmetry. Finally, we comment on a possible scheme for non- 
thermal leptogenesis, which is due to the decay of extra Higgs into right-handed 
neutrino. 



1 Introduction 

The Standard Model (SM) of electroweak and strong interactions has had a tremendous 
success when confronted with experiment. However, non- vanishing neutrino masses pro- 
vides the first confirmed hint towards physics beyond the SM. The evidence of very light 
neutrino masses is now well established by measuring neutrino oscillations in solar and 
atmospheric neutrinos. It was shown that the minimal extension of the SM gauge group 
by an extra U{1) gauge symmetry has all the necessary requirements to generate the ob- 
served neutrino masses [1]. In particular, this type of models has three SM singlet fermions 
that arise as a result of the anomaly cancellation conditions. These particles account for 
right-handed neutrinos and give a natural explanation for the seesaw mechanism. 

Recently, a TeV scale B — L symmetry breaking, based on the gauge group Gb-l = 
SU{3)c X SU{2)l X U{1)y x U{1)b-l, has been studied [2]. It was emphasized that this 
model can account for the current experimental results of the light neutrino masses and 
their large mixing. In addition, it predicts an extra SM singlet scalar (extra Higgs) and 
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an extra neutral gauge boson corresponding to B — L gauge symmetry [2]. These new 
particles may have significant impact on the SM phenomenology, hence lead to interesting 
signatures at Large Hadron Collider (LHC) [3]. 

On the other hand, the observed baryon asymmetry in the universe provides another 
indication for physics beyond the SM since it has been established that the strength of 
the CP violation in the SM is not sufficient to generate this asymmetry [4]. The CP 
violating decay of the right handed neutrinos may generate leptogenesis which is the 
most attractive mechanism to interpret this baryon asymmetry. Since the evidence of 
non-vanishing neutrino masses, there has been a growing interest concerning leptogenesis 
and it becomes a competent to the other baryogenesis mechanisms [5]. It is interesting to 
note that a possible solution to the two major problems, which represent the most serious 
evidences for new physics, can be naturally emerged in such simple extension of the SM. 

The aim of this paper is to explore the issue of the neutrino masses, mixing, and 
leptogenesis in this type of low scale B — L extension of the SM. We show that a low 
scale B — L symmetry braking assists to find a mass relation between quarks and leptons, 
which may arise from a fiavor symmetry. In this case, one can determine the unknown 
Dirac neutrino mass matrix, which is an essential for evaluating the lepton asymmetry. 
A detailed investigation for the leptogenesis in this type of models will be provided. We 
compute the new one-loop contributions to the decay of the lightest right handed neutrino 
due to the new extra Higgs and extra gauge boson. 

Since these contributions do not include any strong CP violating phase, they do not 
interfere with the tree level contribution and hence they have no direct impact on the CP 
asymmetry. However, due to the fact that their size can be of the same order as the tree 
level one, their interference with the SM loop contributions can be relevant and enhance 
significantly the asymmetry. If the B — L effect is negligible respect to the tree level, then 
the thermal leptogenesis is viable only if the right-handed neutrinos are nearly degenerate 
in mass so that the lepton asymmetry is resonantly enhanced. We show that B — L 
contribution of order the tree level contribution can relax this degeneracy constraint. 
The non-thermal leptogenes is another interesting possibility for enhancing the lepton 
asymmetry. In this case, the lightest right handed neutrino can be decay product of 
heavier particle like, for instance, the B — L extra Higgs or extra gauge boson. We show 
that this is a feasible scenario and is likely to take place in our model. However the out of 
equilibrium condition impose strong constrain on the mass of the heavy particle and on its 
coupling with right-handed neutrino. Therefore, the baryon asymmetry in non-thermal 
leptogenesis can be enhanced by two order of magnitude at most than that of thermal 
scenario. 

The paper is organized as follows. In section 2 we briefiy discuss the B — L symmetry 
breaking and explore the possible constraints on the corresponding scale. Section 3 is 
devoted for neutrino masses and mixing in our TeV scale B — L extension of the SM. 
We show that light neutrino masses can be generated through the seesaw mechanism if 
the Dirac neutrino masses are of order 10"^ GeV. This range of Dirac neutrino mass 
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is consistent with possible relations may be obtained between the observed quark and 
lepton masses. In section 4 we investigate the lepton asymmetry due to the decay of 
lightest right-handed neutrino and analyze both scenarios of thermal and non-thermal 
leptogenesis. Finally we give our concluding remarks in section 5. 
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2 B — L symmetry breaking 

We start our analysis by considering different scenarios oi B — L symmetry breaking. The 
relevant part for the Lagrangian of the leptonic sector in the minimal extension of the SM 
SU(3)c X SU(2)l X U{1)y x U{1)b-l is given by 

{D''X)\D^X) - V{(t>, x) - {KUeR + XJ4>T^R + \K^v'kX^R + K^W" + h.c) , (1) 

where C^u = d^Ci, — d^C^ is the field strength of the U{1)b-l- The covariant derivative 
is generalized by adding the term iq'Yb-lC^, where g" is the U{1)b-l gauge coupling 
constant and Yb-l is the B — L quantum numbers of involved particles. The Yb~l 
for leptons and Higgs are given by: Yb-l{1) = -1, YB-L{eR) = -1, Yb-l{^r) = -1, 
Yb-l{,<P) = and Yb-l{x) = 2- In Eq.(l), Ag, Xu and A,/^ refer to 3 x 3 Yakawa matrices. 

In order to analyze the B — L and electroweak symmetry breaking, we consider the 
most general Higgs potential invariant under these symmetries, which is given by 

y(0,x) = m?0V + ^2^t^ + Ai(0V)2 + A2(xW + A3(x^x)(</'V), (2) 

where A3 > —2\/X[\^ and Ai, A2 > 0, so that the potential is bounded from below. This is 
the stability condition of the potential. Furthermore, in order to avoid vanishing vacuum 
expectation values (vevs): v = (0) = and v' = (x) = from being local minimum, one 
must assume that A3 < 4A1A2. As in the usual Higgs mechanism of electroweak symmetry 
breaking in the SM, the B — L spontaneous symmetry breaking requires a negative squared 
masse, m| < 0. In this case, the following non-zero vev may be obtained 

V- = + (3) 

A3 

with 

2 _ 4A2m^ - 2A3m^ 
Ai-4AiA2 ■ 

From these equations, two comments are in order: (i) For non-vanishing A3, the vevs v and 
v' are related and hence they are naturally of the same order, i.e., v ^ (9(100) GeV and 
v' ~ 0{1) TeV. In fact, in this scenario v' ^ v will require a significant fine-tuning among 
the input parameters: and Ai^2,3- {H) The condition of the electroweak symmetry 

breaking, for A| — 4A1A2 < 0, is given by 

ml<Ml^ (5) 



For 7722 < and ml > M^, U{1)b-l is spontaneously broken while the SU{2)l x U{1)y 
remains exact. At this stage, the following vevs are obtained 

(6) 




The evolution from 0{1) TeV scale down to C(IOO) GeV, may reduce the squared Higgs 
mass mf until eventually the minimization condition is satisfied and the clcctrowcak gauge 
symmetry is broken. This scenario corresponds to two stages symmetry breaking at two 
different scales. Note that if A3 < 0, the radiative clcctroweak symmetry breaking can be 
achived with positive squared Higgs mass. Therefore, throughout this work, we will focus 
on the following region of mixing coupling A3: > A3 > —2^/\^X^ and Ai^2 ~ 

As usual, we expand the scalar field x around the B — L minimum v' and write 

, , v' + H'{x) 
X(-) - ^j^. (7) 

In this case, one finds the following lagrangian for the B — L Higgs {H') mass and its 
interaction with right handed neutrino and SM Higgs 0: 

£(0, H') = \ml,H'' - ^K.H'VkyR + A3 {^-H'^' + v'H'<t>') . (8) 

Finally, after the B — L gauge symmetry breaking the gauge field C^j, (will be called 
Z' in the rest of the paper) acquires the following mass: 

Ml, = 4/27;'^. (9) 

The Lagrangian terms that describe the interactions of the Z'^ gauge boson are given by 

Cz' = -\z',X^ + \mI,Z'X + 2rz'Xx' + ^rVZ'Xx - ifJ^-'Z"- (10) 

where = + (^rI^^r + ^rI^^r- The high energy experimental searches for 

an extra neutral gauge boson impose lower bounds on the Z' mass. The LEP II provides 
the most stringent constraint [6]. As e+e~ collider, it was able to strongly constrain the 
extra-gauge boson that coupled significantly with electrons. It is worth noting that in 
this class of model, with the above particle assignments, any mixing effects between U{1) 
factors may arise only at the two loop level, hence keeping them small enough. However, 
the measurements of e'^e" —>■ f f above the Z-pole at LEP II impose stringent constraints 
on the mass of Zb-l or on the B — L gauge coupling. Furthermore, the recent results 
by CDF II [7] are consistent with the LEP II constraints on Z' mass in case oi B — L 
extension of the SM. Therefore, the typical lower bound on Mz' is now given by 

Mz'/g" > 6 TeV. (11) 



Thus, one finds that v' > O(TeV). 
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3 Neutrino masses and mixing in B — L extension of the SM 



In this section we provide a detail analysis for the neutrino masses and mixing in the gauge 
B — L extension of the SM, where the neutrino masses may be generated through a TeV 
scale seesaw mechanism. After U{1)b-l symmetry breaking [2], the Yukawa interaction 
term: XurX^r^r leads, as usual, to right handed neutrino mass: Mr — -^^^urV'. Also the 
electroweak symmetry breaking results in the Dirac neutrino mass term : mo 
Therefore, the mass matrix of the left and right-handed neutrinos is given by 



niD 
mo Mr 



(12) 



Since Mr is proportional to v' and m/j is proportional to v i.e., Mr > m^,, the diagonal- 
ization of this mass matrix leads to the following masses for the light and heavy neutrinos 
respectively: 



m 



M, 



R- 



(13) 
(14) 



Thus, B — L gauge symmetry can provide a natural framework for the seesaw mechanism. 
However, the scale oi B — L symmetry breaking v' remains arbitrary. As in Ref.[2], v' is 
assumed to be of order TeV. Therefore, the value of Mr is also of that order. 

In our analysis, we adopt a basis where the charged lepton mass matrix and the 
Majorana mass matrix Mr are both real and diagonal. Therefore, one can parameterize 
Mr as follows 



Mr = M, 









where 



and 



M, 



lA 



Rl,2 



M, 



Ra 



A 



(15) 



(16) 



(17) 



As can be seen from Eq.(15) that even if v' is fixed to be of order TeV, the absolute value 
of Mr is still parameterized by three known parameters. On the other hand, the Dirac 
mass matrix (if it is real) is given in terms of 9 parameters. Since U (1) b-l can not impose 
any further constraint to reduce the number of these parameters, the total number of free 
parameters involved in the light neutrino mass matrix are 12 parameters. As is known, 
the solar and atmospheric neutrino oscillation experiments have provided measurements 
for the neutrino mass-squared differences and also for the neutrino mixing angles. At the 
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3(7 level, the allowed ranges are [8] 



Am?2 - (7.9±0.4) X 10-^, 
lAml^l = (2.4 + 0.3) X 

= 33.9° ±1.6°, (18) 

45°, 



723 
^13 



sin^^ia < 0.048. 



Therefore, the number of the experimental inputs are at most six: three neutrino masses 
(assuming possible ansatze like hierarchy or degenerate) and three mixing angles (if we 
assume ^13 = 0). 

One of the interesting parametrization for the Dirac neutrino mass matrix is given by 



mo = UMNS^mi''''R^MR, (19) 

where m^*°^ is the physical neutrino mass matrix and Umns is the lepton mixing matrix. 
The matrix R is an arbitrary orthogonal matrix which can be parameterized, in case 
of real ttid, in terms of three angles. In Eq.(19), the six unknown parameters are now 
given in terms of three masses in Mr and the three angles in R. In order to fix these 
angles, one needs a fiavor symmetry beyond the gauge symmetry which is typically fiavor 
bhnd. Several types of flavor symmetries have been discussed in the hteratures [9] . Here 
we follow different approach. We attempt to extend the observed relations between the 
masses of up quarks and charged leptons to the down quark and neutrino masses. 

Prom the measured values of the up quark and charged lepton masses at the elec- 
troweak scale, one can notice the following relations 

!!!^^!^^ 0(10-3), (20) 



and 

2 0(10-3) (21) 



rric rrii/ 



rrit m,r 

In the event of a fiavor discrete-symmetry that may explain these ratios, the down quark 
and neutrino sectors may also be subjected to this symmetry. Hence, a similar relation 
may be obtained among their masses. If the scale of this discrete symmetry (vp) is below 
seesaw (B — L symmetry breaking) scale, then the above mass ratio would be extended 
to the down quark and light neutrino masses. In this case, one would expect that 

H^^a^r^ono-^) (22) 

0(10-2). (23) 

rrib 
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However, if the scale of the flavor discrete-symmetry is above the seesaw mechanism scale, 
then the mass ration is anticipated to be between down quark and Dirac neutrino masses, 
i.e., 

~ 0(10-2) (24) 



rrid 








rus 






y-sj =- 


rub 





0(10-2) 



(25) 



Let us start by considering the first scenario where vp < v'. The experimental results 
for the light neutrino masses in Eq.(18) leads to 



m 



= ^7.9 X 10- 



m 



^3 



2.4 X 10-3-7.9 X 10-5 + m2 J, 



(26) 
(27) 



with arbitrary m„-^. Thus, for m^^ ^ 7.9 x lO'^, the ansatz of hicrarchal light neutrino 
masses is obtained. It is interesting to note that if rriiy^ ~ 10^"^, the hierarchal ansatz is 
consistent with the mass relations given in Eqs. (22,23) and the light neutrino mass matrix 
takes the form 

/ 10-3 o\ 
0.16 
1 



m,y ~ 0.05 eV 



\ 



J 



The Dirac neutrino mass matrix is now given by (for ri ' 
order one angles/phases of i?- matrix): 

/ 0.16 + 0.23 i -0.25 + 0.16 i 
-0.22 - 0.34 i 0.37- 0.24 i 
^ -0.14 + 0.47 i -0.53- 0.15 i 



r2 



(28) 

0.1, Mr^ = 5 TeV, and 



niD — 10 



-0.19- 0.26 i \ 

0.30 + 0.38 i 
0.16- 0.68 i J 



(29) 



Note that the complex phases in are induced by the phases of R matrix since the 
mixing matrix Umns is real (^13 = is assumed). These phases are crucial for generating 
lepton asymmetry as will be discussed in the next section. Also, as can be seen from 
the above example, rriD < (9(10—^) GeV, i.e., the Dirac neutrino Yukawa coupling is 
of order 10-^, which is just one order of magnitude smaller than the electron Yukawa 
coupling. 

Now we turn to the case of vp > v'. Prom Eqs. (24,25), one gets 



diaq 

rrip) 



mo. 



( 10-3 



V 





10-1 




o\ 



1/ 



If we assume hierarchal neutrino masses rrii,^ <^ ^ '^^^3^ 
matrix can be written as 

f m„ 

rrii, ~ 0.05 eV 



\ 








\ 
0.16 
1 



(30) 

the light neutrino mass 
(31) 



By using the determinant of mj? from Eqs.(19) and (30), one can express m^jg in terms 
of m^j, ri, r2 and Mr^ as follows: 



GeV 



10 



-4 



Mr, 

GeV 



1/2 



ri r2 



eV 



1/6 



(32) 



Here, we have used the fact that the determinant of the orthogonal matrix R is one. Using 
this relation, one can determine, in terms of Mr,, Ti and r2, the three angles (^12, 023, ^13) 
that parameterize the matrix R and lead to eigenvalues for the Dirac mass matrix mn 
consistent with our inputs in Eq.(30). 

In case of ri < r2 < 1 (hierarchy heavy neutrino masses), one finds that there is a 
possible solution for the angles 9ij only for m,^j < 10"^ GeV. In addition the angle 9 is can 
be fixed at ^13 ~ 7r/2, hence the matrix R is given by 

/ 1 \ 

— sin a cos a 

— cos a — sin q; 



R^ 



\ 



I 



where a = 6*12 + Q^z- For instance, with Mr, = 5 TeV, ri 
a ~ 0.65. Thus, the following R matrix is obtained 



(33) 

0.1 and r2 — 0.4, one gets 



R 



V 



1 \ 
-0.6 0.8 
-0.8 -0.6 J 



(34) 



While, for ri ~ r2 — 1 (degenerate heavy neutrino masses), the matrix R is given by 

/ 1 \ 



R 



\ 



-0.73 
-0.67 



0.67 
-0.73 



(35) 



Finally, we can also have a complex R, which induce a new source of CP violation phase 
in the Dirac Yukawa matrix Yd- In this case, the angle a would be written as a = p + ia. 
For the above example of ri = 0.1 and r2 = 0.4, the corresponding complex i?-matrix is 
given by 



R 



V 



(36) 



1 \ 

-0.6 e'" 0.8 
-0.8 e^" -0.6 e'" 

It is important to mention that the complex phases in R matrix are not related to any of 
the low energy phases, however, it plays a crucial role in leptogenesis . 

Before closing this section, we comment on the scenario of degenerate light neutrino 
masses (m,^^ ~ m^^ — ''^m — "^)- Ftoni the astrophysical constraint: J2i'>TT'Ui < 1 eV, one 
finds that m < 0.3 eV. In this case, one may write 



m. 



V3 



= Vm2 + 7.9 X 10-5, 

= Vm2 + 2.4 X 10-3 + 7.9 x 10-^. 



(37) 
(38) 



Therefore, the hght neutrino mass matrix takes the form 

/I \ / 1 



m 



A I 0.0000 79 



\ 



0.0 02479 
Ti2 



< 0.3 eV 



m 



1.00044 



V 



1.01368 



(39) 



In this case, it is clear that the suggested mass relations between down type quark and 
neutrino masses should be implemented on the Dirac neutrino masses. However, we found 
that there is no any solution for the angles 6ij that can account for niD- Therefore, in our 
framework, the ansatz of degenerate neutrino masses is disfavored . 



4 TeV scale Leptogenesis in B — L extension of the SM 



The recent observations indicate that the asymmetry between number density of baryon 
{ub) and of anti-baryon (n^) of the universe is given by [10] 

Yb = "^^—^ = !^ = (6.3 ± 0.3) X 10-1°, (40) 

s s 

where s = 2n'^ g^T^ / 45 is the entropy density and is the effective number of relativistic 
degrees of freedom. 

As mentioned in the introduction, the possibility of originating this asymmetry through 
the CP violating decay of the heavy right-handed neutrino is an interesting mechanism 
known as Leptogenesis [5]. Within the framework oi B — L extension of the SM, the lep- 
ton asymmetry Si is generated by the CP violating decays of vr. into the Higgs doublet 
and the charged lepton doublet /„, ie., v^. ^ (p + la where a — {e,iji,r). The lepton 
asymmetry is usually dominated by the ur^ decay: 



^(i^Ri (t>lc 



la) 



(41) 



where A{vji^ — > l^) is the total (tree plus loop) decay amplitude. Similar to the SM 
extended by three right handed neutrinos, the decay of into and l^ may occur 
through the tree level diagram, one loop vertex correction, and one loop self-energy, as 
shown in Fig. 1. However, m B — L extension of the SM the decay of the right-handed 
neutrino into Higgs and the lepton doublets can be also generated through diagrams 
mediated by extra Higgs and extra gauge boson exchange, as displayed in Fig. 2. 

In order to analyze the CP asymmetry £i, one may parameterize the decay amplitude 
as CP violating part times a CP conserving part (comes mainly from the loop function) . 
In this respect, one may write tree level Aq{vr^ — > l^) and one loop level Ai{vr^ — > l^) 
as follows: 



Ao{vr^ - 

Ai{ur^ la) 



U = A 



treei 
Aloop X F , 



Ao{uri 

Ao{l^R^ 



lo 
(j) la 



A 



treei 



(42) 
(43) 



Figure 1: Feynman diagrams in SM with right-handed neutrinos that contribute to the 
decay vr^ ^ (j) la- 




Figure 2: The new contributions to the decay ur^ (f) in B — L extension of the SM. 



The CP asymmetry arises through the interference between tree and loop contributions, 
hence £i can be written as 



Im 


A A* 
^tree^loop 


Im [F] 


1 -^tree 


2 + 


-^loop F 


2 + 2Re[F] Re 


^tree ^loop 



Since \Atree\ ^ lAoop -^1) the CP asymmetry ei is usually approximated as 

1 



(44) 



Im 



Hree 



A A* 
■^tree-^loop 



Im [F] . 



The tree level contribution to the ur-^ decay amplitude is given by 

Ail^Ri ^ (t>la)^ -i{K)al(u{p) Pr Xi''(g)), 



(45) 



(46) 



where u is the Dirac spinor of outgoing particle with momentum p and u'^^q) is the 
spinor of the ingoing particle vr^ with momentum q. As can be seen from the above 
expression, the tree level contribution is proportional to Dirac neutrino Yukawa couplings 
(Ai/)qi which is of order 10~^, hence it is quite small. The contribution to the decay 
amplitude from the vertex correction is given by 



167r2 ^ 



EMMi>^^)ii{u{p) Pr u'iq)) Fv 
10 



'Ml ■ 
Ml. 



(47) 



The loop function Fv{x) is given by 



Re Fv{x) - 
Im Fv{x) — y/x 



l + ln(a;)[l - (1 +x)ln 



1+x 



X 



1 - (1 + x) In 



1+x 



X 



(48) 
(49) 



The self-energy diagram leads to the following contribution to the decay amplitude of 



As{l^m 4> la) 



1 / 

J^I^('^^)m(A|;A^)H(M(p) Pr U%q 



Mf 
Ml.. 



(50) 



where the corresponding loop function Fs{x) is given by [11] 



Ml 
Ml 



^^ = \uu{Ml)\\Ml-Ml 



Mr, 



M 



Ri 



(51) 



with 



and 



^ - MMl) (M^,(AtA.),, - M^(AtA.)n) (52) 



\n^-2-ine{q') 



It is clear that the loop function Fs approaches zero in case of degenerate right-handed 
neutrino masses and hence the amplitude As vanishes identically. In our model with TeV 
scale seesaw mechanism, the Dirac neutrino Yukawa couplings {Xu)ij are of order 10~^. 
Therefore, the second term in wj"/ is much smaller than the first term, unless the right- 
handed neutrino masses are completely degenerate. In this respect, the loop function Fs 
in Eq.(51) is reduced to 



'Ml 
Ml.. 



Ml, 



Ml 



(53) 



Now we turn to the new B — L contributions to the right-handed neutrino decay due 
to the exchanges of extra Z' and H' as shown in Fig. 2. It is expected that these diagrams 
do not include strong CP phases since the running particles in the loops arc heavier than 
initial particle vr, and hence the these diagrams can not be cut in two parts. As a result, 
these diagrams will not directly contribute to the lepton asymmetry. However, These 
contributions may be of order the tree level and hence they affect the interference with 
vertex and self-energy corrections that remain the only sources of strong CP phases. 

Our result for the extra Higgs contribution to the decay amplitude of vr, (p 1^ leads 

to 



16nmR, 



'Ml' 
Ml,, 



(54) 
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Prom Eq.(8), the coupling g'<^2j^ is given by : 



= V2v'X3 



(55) 



As can be seen from Eq.(2), the mixing parameter A3 is real thus the coupling g^2^ is real 
Moreover, as explained in the previous section, the Yukawa coupling (A,^^)ii is real too 
In general it has the form: 



{Kr)u — 

u 

Finally, F^{x) is the associate loop function which is given by 



(56) 



F^{x) = 1 - y - (f + 1^(2) - 1) H^) - - 4) In 

/ I \ fx - Jx(x - 4:) -2' 

- In a;-^a;(x-4) In ^ 

^ \ X — Jx(x — 4) 

X + Jx{x - 4) - 2' 



X — ^x{x — 4) 
^x + ^x{x-4:)^ 



- \n(x + yjx{x - 4) j In 



-X + ^x{x - 4) + 2' 



X + ^Jx{x — 4) 



—X + \ x{x — 4) 



+ Li-2 



X + ^x{x - 4) - 2' 



x + i/a;(a; — 4) 



(57) 



Our computation for the the extra gauge boson Z' contribution to the decay amplitude 
of ur^ 4> la leads to 



Azii^R, -^(i)Q = ^g"\X,)ai{u{p)PRu''{q)) Fz^ 
where Fz'{x), at the Mr-^ scale, is given by 



(58) 



3 TT^ I 

Fz'{x) = -- + — -^-x{x-A){x + l) 



tan 



x-2 



Y-x(x-4), 



tan 



-1 



+ ( 1 + ^a; + a;ln(4) - ^(1 - 4a;) ln2 ) ln(x) - 2ti'^x 



+ -(- +a;)^a;(a;- 4) In 
+ 2xln 



x{x — 4) + x^ 
^Jx{x — 4) + X 



+ 2a; In 



X + \Jx{x 


-4) 


In 1 


X 


X — yx{x 


-4) 


In 1 


X 



-2 + a; - -y/a;(x-4) 
X — ^x{x — 4) 

-2 + a;+^a;(a;-4)^ 
a; + y''a;(a; — 4) 

12 



;i -4a;)ln 



- -(l-4x)ln 



X + \Jx{x — 4) 
X — ^Jx{x — 4) 



In 



In 



-2 + x + sjx{x - 4) 
X + ^Jx{x — 4) 



'-2 + x - - 4)' 



x — — 4) 



+ 2^^M2^^ ^ 



^ '] 2 M2^ 



(59) 



Prom the above expressions, it can be easily noted that the CP violating effect in 
the amplitudes Ay^i^R^ — > 4> ^-nd As{yR^ — > Zq) arises from the same source: 

{^v)ai{,^t^i')^i- While in A^^Pn^ — > (f) l^) and Az'{i''ai D they are proportional 
to 5'</,2j^(Aiy^)ii(Aiy)iQ, and 5'"^(A,y)ai, respectively. Therefore, if Aj, ~ O(10~^), as found in 
previous section, the x ^i-nd Z' may give significant contributions. However, due to the 
absence of strong CP violation in these processes, they have no interference with tree level 
diagram. Nevertheless, they may have significant effect through the interference with the 
SM one loop amplitudes Ay and As- In this case, the total asymmetry is given by: 



1 




=2,3 (l_^^//2^^, 

+ Im Fs 



lm{(AtA.)?J 




i^'^s \ Ml 



Ml 



(60) 



If the new contributions due to x ^-^id Z' exchanges have been neglected, one gets the 
usual CP asymmetry e\ of the SM extended by right handed neutrinos, which is given by 



Im Fv 



+ Im Fs 



'Ml 
Ml,. 



(61) 



Prom the equations, few comments are in order: (i) The lepton asymmetry obtained in 
SM with right handed neutrinos is sensitive to the CP phase of (A^^Aj,). Therefore, the 
necessary condition for the mechanism of leptogenesis to work is 



Im (AtA,)^. ^ ^ Im R mf^^R+^fM^) ^ 0, i = 2, 3. 



(62) 



(ii) Due to the unitarity of the L^mns; leptogenesis does not depend on the phases (if 
any) appearing in the leptonic mixing matrix. {Hi) If the matrices R and Mr are real, 
then £i = and hence the leptogenesis vanishes identically, (vi) In the limit of quasi- 
degenerate right-handed neutrinos i.e., x — {Mr^/ Mr^Y ~ 1, an enhancement for £i, 
due to the nearly vanishing of the denominator of Fs{x), is obtained [12]. [v) A possible 
enhancement for Si can be achieved if ^Fz' ^ 1. Note that since A3 < 1, the H' 
contribution is typically smaller than the tree level one. 
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4.1 Thermal leptogenesis 



This is the simplest scenario for leptogenesis where the lightest right-handed neutrino, uj^^ , 
is assumed to be in equihbrium while the heavier ones are decaying [13] . In this respect, 
the leptogenesis can be realized by the out of equilibrium of z/j^^ at temperature below 
its mass scale. To avoid washing out the asymmetry ei by inverse decay and scattering 
processes, the total width of decay should be smaller than the expansion rate of the 
universe at temperature T = Mr^. This is known as out-of-equilibrium condition, which 
implies that [13] 

Yl = = ^ — , (63) 

s 

where r] is the efficiency factor which parameterizes the amount of washing out which 
depends on the size of r = Ti/H{Mfii) — rriy^/m* where m* = 256y/g^v'^ /3Mp. If r -C 1 
i.e., uji^ decays strongly out-of-equilibrium, then t] ^ 1. For r 3> 1, the lepton asymmetry 
is suppressed by t] ~ 1/r. Finally, the electroweak sphaleron effects convert the lepton 
asymmetry Yl to baryon asymmetry Yb through a conversion factor c [13]: 

Yb = ^—Yl - -1.4 X 10-^r/ ei. (64) 
c — 1 

From this expression, it is clear that Yb can be of order the observed results reported 



xlO" 




Log AM 



Figure 3: Baryon asymmetry in B — L extension of the SM versus the mass difference of 
the first two right-handed neutrinos. Horizontal lines indicate the allowed 2a region of 
Yb- 

in Eq.(40) only if Si is of order (9(10~^), assuming 77 ~ 1. However, as mentioned, 
unless the masses of the first two right-handed neutrinos are quite degenerate and/or the 
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Z' contribution is of order the tree level one, the lepton asymmetry is a few order of 
magnitude below this value. 

The baryon asymmetry as function of the mass difference AM = M^,^ — M^-^ is shown 
in Fig.3. As can be seen from this figure. In case of negligible Z' contribution, one needs 
AM ~ C»(10"'^) to have Yb within the 2a range of the experimental measurements. While, 
for large Z' contribution, this degeneracy constrain is relaxed and mass difference of order 
10% can account for the observed baryon asymmetry. 

4.2 Non- thermal leptogenesis 

Now we consider the possibility of having non-thermal leptogenesis [14]. As mentioned in 
the introduction, in the non-thermal leptogenesis scenario the right-handed neutrino is a 
decay product of a heavier particle. It is interesting to note that in our model oi B — L, 
the extra Higgs x extra gauge boson Z' have direct couplings with the right handed 
neutrino ur-^. In case, of extra-Higgs, this coupling is given (see Eq.8) by —\uj^^/2y/2. 
Therefore, the decay x ~^ ^RiT^Ri is kinematically allowed if m-^ > 2Mr^. In this case, 
one finds the following decay rate F^: 

1 1 M^ 

= F(x - i^R^i^R,) = ^|A,.«JX = ^^M^- (65) 

The reheating temperature after this decay is given by 

where Mp is Planck mass. In this framework, the lepton asymmetry is given by [14] 

YL^^BR{x^UR,UR,)^e,. (67) 

In order to avoid the inverse decay of % — > z/^^z/^^, the decay rate should be less than the 
universe expansion rate, i.e., F(x — > v'b.i^Ri) ^ -^(^); where H{M^) ~ 1.7y^M^/Mp 
with g^, = 100 in the SM. This out of equilibrium condition imposes stringent constrain 
on the coupling Xxi^r^ and/or on the extra-Higgs mass. For instance, if M^ ~ C(IOO) TeV 
then Xxi'Ri should be < 10~^ and the associated reheating temperature is of order < 10^ 
GeV. Therefore, the factor Tr/M^ is of order 10^. In this case, the the lepton asymmetry 
is enhanced by two order of magnitude at most. It is clear that this enhancement alone 
is not enough to account for the measured baryon asymmetry in the universe. However, 
it helps in relaxing the condition of nearly degenerate right-handed neutrino masses. 

5 Conclusions 

In this paper we have systematically analyzed the phcnomcnological implications for TeV 
scale B — L extension of the SM. We have investigated the possible scenarios of sym- 
metry breaking and the consequence on low energy experiments. We have studied the 
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neutrino masses and mixing in this type of models. We have shown that the low scale 
seesaw mechanism is naturally implemented. However, to fix the free parameters of the 
neutrino sector and determine the Dirac neutrino mass matrix, a kind of fiavor symmetry 
is required. We assumed a phenomenological mass relation between quarks and leptons. 
In this respect, we found that a hierarchal ansatz for light neutrino masses is favored. 

We have also analyzed the leptogenesis in this class of models. We computed the new 
contributions to the CP violating decay of right handed neutrino to Higgs and leptons, 
due to the extra Higgs and extra gauge boson predicted in this model. We emphasized 
that although these new contributions may be sizable, they have no direct impact since 
they do not contain any strong CP violating phase. Therefore, they contribute to lepton 
asymmetry via the interference with one loop vertex and self-energy diagrams. In this 
respect, a successful baryogenesis can be obtained in the resonant leptogenesis scenario 
where the right handed neutrinos are semi-degenerate in masses. 
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